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SOME ASPECTS OF WESTERN HEMLOCK AIR PERMEABILITY
Prasad Rayirath1, Stavros Avramidis2
ABSTRACT
Knowledge of the variability of fl uid permeability of wood in general and of western hemlock in 
particular is of signifi cant importance to the primary and secondary wood products processing industry 
of coastal British Columbia. For the purpose of this study, ten hemlock trees were randomly selected 
and specimens were prepared from three tree heights from each tree, namely, 1, 4 and 7 m. The air 
permeability of sapwood and heartwood in the longitudinal direction was measured using a dynamic 
method. Tracheid lengths were also obtained with a fi ber quality analyzer and densities were measured 
by water displacement. The effect of tree height, tracheid length and density on the specifi c permeabi-
lity of gross wood was then evaluated. The data revealed that height within the range measured has no 
effect on longitudinal permeability on heartwood whereas in sapwood the longitudinal permeability in-
creases above 4 m of tree height. It was also found that longitudinal permeability was not signifi cantly 
infl uenced by the tracheid length and wood density. 
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INTRODUCTION
Western hemlock (Tsuga heterophylla) is an important coastal species in British Columbia (B.C.) 
because it is one of the commercially valuable and highly demanded species in world markets, parti-
cularly in Asia (Perez-Garcia and Barr 2005). An important characteristic of hemlock is its good tre-
atability with fl uids, but in spite of such reputation, hemlock still varies quite widely in its receptivity 
to treatment (Cooper 1973, Kumar and Morrell 1989). The reasons for this variability remain unclear, 
while it has been suggested that treatability is a function of anatomical structure, forest site and eleva-
tion (Miller 1961). Moreover, the presence of wet pockets and juvenile wood in the heartwood zone 
and differences in internal wood structure could be possible causes for the variations in permeability 
and thus, treatability of hemlock. Although this variability exists, there is little information known on 
the relative differences in permeability within hemlock (Erickson and Crawford 1959, Erickson 1960). 
Since hemlock is one of the important B.C. coastal species that has been successfully dried in radio fre-
quency vacuum dryers in large cross-sectional sizes where longitudinal permeability becomes the most 
important factor controlling the rate of water loss is also a signifi cant reason for a better understanding 
of its variability for fl uid fl ow within its structure (Avramidis 1999).
In conifers, the bordered pits are the principal pathways through which fl uids move from one tra-
cheid to the next and therefore pore radii (lumen, pit, margo) and tracheid length have a signifi cant 
infl uence on this movement (Nicholas and Siau 1973). While a large number of studies have shown 
good correlation between permeability and pore radii, lack of signifi cant scientifi c investigation on the 
relationship between tracheid length and permeability is evident in the literature (Bains et al. 1983, 
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Petty 1970). As wood density is highly determined by the type of cells and extractive deposition in 
tracheids, it is likely that density can also have a direct impact on permeability (Ryan et al. 2003, Taras 
and Saucier 1967). 
Differences between longitudinal and transverse permeability are well documented in the literature 
with the former being much higher and in some cases higher by a factor of almost 40000. This is the 
result of the anatomical differences along the three axes as explained in detail in Siau (1995). Finally, 
variation in permeability with tree height has also been investigated with contradictory results in the 
past. Isaacs et al. (1971) found that there is an increasing trend of permeability with tree height in co-
ttonwood, while Chen and Tang (1991) observed no signifi cant effect of tree height on permeability in 
three hardwoods.
The objective of this study was to investigate the variability in longitudinal air permeability of 
sapwood and heartwood western hemlock, and to quantify the effect of tree height, tracheid length and 
wood density on measured longitudinal permeability.
MATERIALS AND METHODS
Ten hemlock trees, grown in Harris Creek, B.C., were randomly harvested and from the logs a 
50-mm thick disk was cut at three different heights, namely, 1, 4 and 7 meters from each tree. The 
average age and height of the trees was 85 years and 25.7 meters, respectively. The north face of each 
trunk was identifi ed and the disks were marked and divided into 4 quadrants, namely, North-East (NE), 
South-East (SE), North-West (NW) and South-West (SW). The sapwood and heartwood longitudinal 
permeability specimens of 20x20x35mm in dimension were cut out from each quadrants of the disc 
using a band saw. All specimens were conditioned to about 10% to reduce any possible moisture con-
tent effects. The NS direction specimens were used to measure longitudinal permeability and density 
variation across the tree cross-section. The fi rst and fi fth specimen from each end of the NS and EW 
directions, were used to study the effect of tree height, tracheid length and density on permeability. The 
cutting pattern is illustrated in Figure 1.
 
Figure 1: The cutting pattern in north-south-east-west directions of the 
longitudinal permeability specimens
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The Falling Water Displacement Method (FWDM) as explained in detail in Siau (1995) was used to 
measure superfi cial air permeability. The apparatus for this method consists of a large aluminum water 
tank and a cylindrical glass column which is mounted on a wooden platform above the water tank. The 
glass column is connected to a vacuum pump and to the specimen holder by means of interchangeable 
vacuum tubes. The end of the line where the specimen is located is a high vacuum hose. The specimen 
is inserted in that hose (fi ts very tight) and hose clamps are used to make a tight seal thus allowing only 
one-directional air fl ow through the rectangular specimens shown in Figure 1. The schematic diagram 
of the apparatus is given in Figure 2. When the vacuum is turned off, air fl ows through the specimen 
and into the glass column, which results in the drop of water in the glass column. The time required for 
the level of water to drop by Δz was recorded and used to measure the superfi cial permeability (k) in 
m3 (gas)/m s Pa, by using the equation
    (1)
where  Vd = π r2 Δz is the volume of gas displaced by water in the glass column, (m3); Δz is the 
distance between the two marked points in the glass column, (m); Patm is the atmospheric pressure (Pa); 
L is the length of the specimen, (m); z is the average height of water over surface of the reservoir during 
period of measurement, (m); t is time, (s); A is the area of cross-section of the specimen, (m2) and C is 
the correction factor  
                  (2)
where Vr is the total volume above point 1 (see Figure 2) including hoses (m3). The specifi c per-
meability (K) of the specimens was calculated by the product of superfi cial permeability and viscosity 
of air (1.81x10-5 Pa s at 20ºC).
   K = kµ                 (3)
                                                                                      
where µ is the viscosity of air (Pa s) and K measured in m3/m.
 
The length of the wood tracheids was measured using an OpTest Laboratory Fiber Quality Analyzer 
(FQA) that utilizes circular polarized light to project images of the tracheids and thus automatically 
measures the tracheid length. For these measurements, a small sample taken from each of the 240 
specimens (1st and 5th specimen from each end of NS and EW directions of each disc), was cut out 
using a chisel and then soaked in 50% Franklin solution (glacial acetic acid equivalent to 6% hydrogen 
peroxide), and digested at 70°C for approximately 24 hours. Before measuring the tracheid length, a 
suspension solution was prepared after washing, disintegrating and diluting the digested wood pulp 
with water. In FQA, as the suspension solution joins the water casing and passes through the optics 
box, the digital camera takes pictures of the tracheid projections and calculates the weighted average 
of tracheid length for each specimen. 
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Figure 2: Schematic diagram of the falling-water permeability apparatus with 
corresponding model parameters (from Siau 1995)
The density of the specimens in NS direction of each disc was measured using the standard water 
displacement method. 
RESULTS AND DISCUSSION
The variation in inherent properties of wood such as xylem anatomy can result in variation of per-
meability both within and between trees (Gartner et al. 2002, Panshin and de Zeeuw 1980). The overall 
specifi c permeability (thereafter referred in this manuscript as “permeability”) in this study ranged 
from 0.02 to 2.34 μm3/μm in which the heartwood specimens showed a range of 0.0158 to 0.38 μm3/
μm, whereas for sapwood specimens this range was 0.12 to 2.34 μm3/μm. The average permeability 
of heartwood and sapwood specimens at three different heights is listed in Table 1. The data analysis 
was conducted using a factorial experimental design with height, type of specimen, and direction as 
dependent factors. 
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Table 1: The average values of permeability and tracheid length at different tree height.
At all selected heights, the sapwood specimens showed signifi cantly (99% level) higher permeabi-
lity value than the heartwood specimens (Table 2). The lower permeability of heartwood might be due 
to the high degree of aspiration in the bordered pits and also the incrustation of the bordered pit mem-
branes (Koumoutsakos and Avramidis 2002). 
Table 2: ANOVA for longitudinal permeability of sapwood and heartwood specimens
S=Section (Sapwood and Heartwood); D=Direction (North, South, East and West);  H=Height (1m, 4m and 7m)
The average permeability of sapwood and heartwood at different tree heights is plotted in Figure 3. 
The statistically signifi cant difference between average permeability of heartwood and sapwood at all 
three heights is apparent. For sapwood permeability, statistical analysis revealed signifi cant differences 
only between the average permeability at 7 m compared to sapwood at 1 and 4 m height. Neverthe-
less, the average permeability of 1 and 4 m specimens showed no signifi cant difference among them. 
The results are somewhat similar to those reported by Comstock (1965) for eastern hemlock where 
permeability increased with increasing tree height. Variation in permeability with tree height has been 
investigated with contradictory result in the past. Isaacs et al. (1971) found that there is an increasing 
trend of permeability with tree height in cottonwood, while Chen and Tang (1991) observed no signi-
fi cant effect of tree height on permeability in three hardwoods. The increase in sapwood permeability 
at 7 meters can be explained by a distinct process known as cambial maturation. In wood, new xylem 
cells are produced by the divisions of cambial initials which are the meristematic cells found between 
the xylem and phloem. Cambial maturation is affected by height within the tree and can be described 
as a developmental process that results in a change in the dimensions of cambial initials over time and 
affects the dimensions of xylem cells (Panshin and de Zeeuw 1980, Fabris 2000). As permeability is 
dependent on the dimension of the tracheid cells, any change in them will also affect the permeability 
of the wood. 
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Figure 3: Comparison of longitudinal permeability between heartwood and sapwood at different 
tree heights and error bar represents the confi dence at 95 %
Heartwood permeability showed no trend and difference as a function of tree height clearly indi-
cating that no detectable variability in pit occlusions exists within this wood type along the trunk of a 
hemlock tree up to 7 meters height.
The effect of tracheid length and density on longitudinal permeability was also studied. As in per-
meability, the data analysis for tracheid length was carried out using a factorial experiment with height, 
type of specimen, and direction as factors. The correlation analysis was also conducted to observe if 
any relationship exist between the permeability and tracheid length.  The overall range of tracheid 
length for all wood specimens was 1.30 to 3.66 mm in which 2.03 to 3.66 mm range was observed for 
sapwood and 1.30 to 2.88 mm for heartwood specimens. The average tracheid lengths at three different 
tree heights are plotted in Figure 4. At all investigated heights, the average tracheid length of sapwood 
is signifi cantly longer compared to that of heartwood specimens (P ≤ 0.05). 
Figure 4: Comparison of tracheid length between heartwood and sapwood at different tree 
heights and error bar representing confi dence at 95% 
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This difference between sapwood and heartwood can be attributed to the increase in length of the 
cambial initials with age combined with an enhanced intrusive growth (Honjo et al. 2006). It was also 
apparent that tree height has no effect on tracheid length in both sapwood and heartwood specimens. 
There have been no signifi cant research efforts that focused on the relation between tracheid length 
and longitudinal permeability. However, given the fact that fl uid movement occurs through the void 
lumens in the tracheids and then through the pits, it would be interesting to explore the differences in 
tracheid length and consequent differences in the lumen area that might have an effect on the rate of 
fl uid movement. Theoretically, tracheid length should have an infl uence on permeability because the 
longer the tracheid, the fewer end-wall crossings per unit length, and so the higher the permeability 
(Sperry and Hacke 2004). Our results in both sapwood and heartwood specimens failed to reveal any 
defi nite correlation between tracheid length and permeability. Knowing the signifi cant amount of varia-
bility when investigating permeability this result should not be taken as a defi nite one and more work 
must be carried out to reveal this relationship in the future. 
The density of hemlock specimens at three different heights were measured and shown to range 
from 341-854 kg/m3 with average density of 469 kg/m3 and standard deviation of 68.6. It was observed 
that the density is relatively high near the pith, then decreases in the juvenile wood and then again in-
creases when reaching the sapwood. The average density of specimens at 1, 4 and 7 m were found to 
be 494, 459 and 446 kg/m3, respectively. Although the average density of western hemlock seems to 
decrease with increasing tree height, the statistical analysis confi rms that the only signifi cant differen-
ces were ((P ≤ 0.05) between 1 m with that of 4 or 7 m. However, the density between 4 and 7 m height 
showed no signifi cant variation between them. The broad range of density values is mainly due to the 
percentage of earlywood and latewood and differences in their respective density. This trend has also 
been reported by other researchers in the past (Megraw 1986, Jozsa and Kellogg 1986, Kennedy 1995, 
Gartner et al. 2002). As wood density is highly affected by the type of cells and extractive deposition 
in tracheids, it is likely that density can have a direct impact on permeability. However, research has 
shown that the density has no affect on the permeability (Bao et al. 1994). In this study, no signifi cant 
correlation was observed between these two properties.
CONCLUSIONS
In the light of this investigation related to the fl uid permeability of western hemlock the following 
conclusions can be drawn. 
•  Longitudinal permeability of western hemlock ranged from 0.01-2.34μm3/μm. It was observed 
that the permeability of sapwood was 5 to 200 times higher than that of heartwood.
•  The average longitudinal permeability of sapwood at 7m height from the ground was found to be 
signifi cantly higher than that of 1 and 4m height whereas the heartwood permeability is not affected 
by tree height.
•  Tracheid length of western hemlock varied from 1.3 to 3.7 mm. Tracheid length does not change 
signifi cantly with respect to height and no correlation was observed between tracheid length and lon-
gitudinal permeability
•  Though variation in density is likely to change permeability, in the present study there was no 
signifi cant relationship observed between density and longitudinal specifi c permeability. 
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